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and concentration reduce the rate from the optimal rate, and S2,S2,....
represent different substrates that participate in the reaction. The
value of X is not necessarily constant; it can change with time and
location. Keeping track of X is part of the model. The f(S2,S2/....)
function can range from very simple, such as the concentration of
just one substrate, to complex sets of equations involving several
substrates and rate parameters. Determination of appropriate rate
expressions and parameter values for those expressions is an active
research area.

Combining Models. In many cases, evaluating bioremediation involves
combining two or more of the model types. For example, in situ
bioremediation of a chlorinated solvent may require a multiphase
flow model coupled to a sophisticated biodegradation rate model.
The multiphase flow model tracks the movements of the water and
the solvent; once the flows are known, a transport model uses a bio-
degradation rate model as a sink term.

Biodegradation rate models are most easily combined with flow
models when one rate-limiting material can be identified. The rate-
limiting material often is the primary electron donor or electron ac-
ceptor. For example, the biodegradation rate of petroleum hydrocar-
bons often can be modeled with dissolved oxygen as the rate-limiting
substance. In several successful modeling studies, overall biodegra-
dation rates could be modeled by the rate at which oxygen entered
the bioremediation zone.

The major simplification achieved'by assuming rate limitation
solely by oxygen should not be considered a general rule. It can be
appropriate for biodegradation of petroleum hydrocarbons (a pro-
cess that is especially sensitive to low oxygen concentrations) when
the input rate for dissolved oxygen is low compared to the amount of
hydrocarbon present and the site is large. Because these conditions
are not true in many other situations, biodegradation rate modeling
may require different and more sophisticated approaches.

Except when the biodegradation or geochemical models are very
simple, coupling them with flow models requires more than an ex-
tension of the existing contaminant transport models used for conser-
vative tracers. Considerable attention must be given to proper model
formulation and to efficient and accurate solution techniques. Other-
wise, costs and computer time will be excessive.

How to Use Models

Models provide a framework for organizing information about